For the first time, the bioactive compound tetramethylpyrazine (TMP) was isolated and identified from the culture of Pleurotus geesteranus Singer. Its identification was confirmed unambiguously by identical retention time and mass spectrum to those of a TMP standard. The TMP content in P. geesteranus from solid culture was up to 8.04 g.kg -1 ds. This finding provides a novel natural way to produce TMP and will lead to new value added mushroom products with nutraceutical functions.
Tetramethylpyrazine (2,3,5,6-tetramethylpyrazine, TMP) is a compound belonging to the group of pyrazines. It has been proven to be an active therapeutic compound and an important food flavor component. For example, it is the main active compound in the traditional Chinese medicinal herb Ligusticum wallichii Franch [1] and also one of the main contributors to the flavor of Bacillus spp fermented soybean [2] . Other sources from where TMP has been identified include: the stem of the medicinal herb Jatropha podagrica Hook [3] , vinegar fermented with Acetobacter aceti, soy sauce fermented with Aspergillus sojae, and wine/beer or sake fermented with Saccharomyces cerevisae and Aspergillus oryzae [4] . Although mushrooms are the most prominent producer of various food flavors and the volatile compounds produced by mushrooms have been widely studied for their therapeutic activities, TMP has never been identified from a mushroom culture.
In this study, biosynthetic TMP was extracted, isolated and identified from Pleurotus geesteranus mycelium grown on solid medium with wheat bran. Methanol (80%) was used to extract the solid culture of P. geesteranus mycelium (S-MycWB), the liquid culture of its mycelial suspension (L-Myc), and wheat bran medium (B-WB, as a blank control). The HPLC/UV chromatograms of the S-MycWB sample at 309 nm showed a very strong peak with a retention time (RT) of 13.25 minutes. Its peak height was significantly higher than that from L-Myc, and only a traceable peak was recorded for the extract from B-WB. The UV spectra of the peaks from the S-MycWB and L-Myc samples are very similar, but that of the B-WB sample is totally different, which indicates that either the same or a similar compound was present in the samples of S-MycWB and L-Myc, but not in the medium. This observation indicated that the compound with a RT of 13.25 minutes in S-MycWB and L-Myc was either produced or biosynthesized in solid/liquid culture associated with P. geesteranus mycelial growth. This compound was then isolated and purified from the S-MycWB sample for further identification using a Büchi preparative LC system. The purified compound from the S-MycWB sample was then subjected to GC-MS analysis. The EI mass spectrum of this compound gave a molecular ion at m/z 136, and fragment ions at m/z 42 and 54. A NIST mass spectrum library search showed a match ratio to TMP with 94.9% probability Further exact mass determination of the purified compound showed that its exact mass (136.09941) is the same as that of TMP (136.09875), taking into consideration the measurement error. This identification was then confirmed by the fact that this compound had the same retention time and mass spectrum as the TMP standard under the same GC/MS condition. Furthermore, the compound with the same retention time in the HPLC chromatogram of the L-Myc sample was identified to be the same.
The concentration of TMP in S-MycWB, L-Myc and B-WB were determined by HPLC/UV. The average content of TMP in S-MycWB was 0.37 g.kg -1 ds, ranging from 0.26-0.57 g.kg -1 ds between cultures, and its content in liquid mycelium culture (L-Myc) was 0.07 g.kg -1 ds (ranged 0.06966-0.06974). The content of TMP in S-MycWB was over 5 times that found in L-Myc. The highest content was 8.04 g.kg -1 ds in one of the S-MycWB samples and the lowest was 0.069 g.kg -1 ds in L-Myc. No TMP was detected in B-WB, the wheat bran culture medium blank. This comparison indicated that TMP was biosynthesized by P. geesteranus during mycelial growth, and that solid culture was more favorable than liquid culture.
To our knowledge, this is the first report on TMP from a mushroom culture during mycelial growth. A significant amount of TMP was found in the solid culture of P. geesteranus with 100% wheat bran as medium (S-MycWB), and the production was much more efficient than that in the liquid culture (L-Myc). Wheat bran is a common medium used in solid culture of mushrooms due to its optimal nutrient profile of degradable carbon/nitrogen and fiber for mycelial growth. It may contribute to the high production of TMP by P. geesteranus during its cultivation. Wheat bran was also reported as a medium in the solid fermentation with Bacillus subtilis for the production of TMP [4] . The average yield of biosynthetic TMP from S-MycWB (0.37 g.kg -1 ds) was very close to the yield of 0.44g.kg -1 ds from Bacillus subtilis. However, the highest yield of TMP was 8.04 g.kg -1 ds from S-MycWB, about 20 times that from B. subtilis. This finding provides great potential to produce natural TMP by solid fermentation of wheat bran with mushroom species such as P. geesteranus.
Experimental

Culture of P. geesteranus:
A strain of Pleurotus geesteranus Singer was provided by Fujian Academy of Agricultural Sciences, China. The liquid culture medium was formulated with wheat bran filtrate 3%, corn meal filtrate 3%, yeast extract 0.3%, monopotassium phosphate 0.3%, magnesium sulfate 0.15%, and vitamin B 1 0.01%. The liquid culture was kept shaken at 150±2 rpm and 25±0.5ºC without light for 5 days to obtain a mycelial pellet suspension. The liquid culture sample was obtained by inoculating 10 mL of the mycelial pellet suspension into another 100 mL medium fortified with sodium selenite (1 mg·L -1 ) and the culture was kept for 7 d under the conditions above. Thereafter, the cultures including mycelia and liquid medium were freeze dried and labeled as liquid culture sample (L-Myc). For solid culture, moisturized wheat bran (90% water and 0.3% sodium selenite content) was used for the inoculation of P. geesteranus mycelial pellet suspension. The culture was kept under 25±0.5ºC for 12-14 days and harvested once the mycelia covered the entire wheat bran medium. Samples were then freeze dried and labeled as solid culture sample (S-MycWB).
Extraction, isolation and purification of TMP:
Each sample was extracted with acidified 80% methanol (0.1% acetic acid). Separation was conducted on a Büchi glass column packed with Sepacore C18 (40-63 µm, 26 mm x 230 mm) on a Büchi preparative LC system. The mobile phases included solvent A (0.05% acetic acid in water) and solvent B (acetonitrile) with a flow rate of 15 mL/min. The solvent gradient program was: 5% B 2 min, 5% B increased to 24% B in 20 min, 24% B increased to 80% B in 20 min, kept 5 min, then 80% B, returned to 5% B in 1 min, kept for 5 min. The collections were made only for peaks above a threshold of 0.15 Au monitored at 309 nm. To check the purity of each collection, an Agilent HPLC 1100 with a Phenomenex Luna 5μ C18 column (250 x 4.6 mm) was used. The mobile phases included solvent A (0.05% acetic acid in water) and solvent B (0.05 % acetic acid in acetonitrile) and the following gradient was used: 0 min 10% B, 20 min 24% B, 35 to 40 min 90% B, and 41 to 50 min 10% B. The flow rate was 1.0 mL/min. The injection volume was 10 µL, monitored at 309 nm.
Identification and confirmation of TMP:
This was mainly performed on a GC-MS (Gas chromatograph Trace 1310 -Single Quadrupole Mass Spectrometer ISQ LT) with a Thermo Scientific TG-1 MS capillary column (30m X 0.25 mm X 0.50 µm) by injecting the purified compound. Parameters included: injection volume 1.0 µL, inlet temperature 250ºC, split flow 50.0 mL/min, constant flow 1.2 mL/min, split ratio 41.7, and septum purge 5.0 mL/min. Oven temperature was initially 40ºC, increased to 250ºC at a rate of 25ºC/min, held for 5 min, increased to 300ºC at a rate of 30 ºC/min and held for 5 min. Mass transfer line temperature 280ºC, ion source temperature 250ºC, Electron ionization mode (70 ev), solvent delay 2.4 min, scan range 40-600, and dwell time 0.2 sec. The initial identification of the compound was made by comparison of the mass spectrum from the peak to a NIST library search. Further identification and confirmation were made by comparing the GC/MS chromatograph and mass spectrum of the purified compound with those of 2,3,5,6-tetramethylpyrazine (TMP) standard (Sigma-Aldrich, St. Louis, MO, USA) . The contents of TMP from the liquid culture of P. geesteranus (L-Myc), solid culture of P. geesteranus (S-MycWB) and wheat bran blank (B-WB) were determined using HPLC-UV.
